Antibiotics are important tools used to control infections. Unfortunately, microbes can become resistant to antibiotics, which limit the drugs' usefulness for clinical and veterinary use. It is necessary to improve our understanding of mechanisms that contribute to or enhance antibiotic resistance. Using nalidixic acid (NA) exposure as a sole selective agent, a resistant strain of Salmonella enterica Typhimurium 14028 was derived (2a) that had acquired resistance to chioramphenicol, sulfisoxazole, cefoxitin, tetracycline, and NA. We employed gene array analysis to further characterize this derivative. Results indicate a significant difference (FDR <5%) in the expression of 338 genes (fold regulation >1.3) between the derivative and the parent strain growing exponentially under the same conditions at 37 C. Strain 2a showed comparative induction of Salmonella pathogenicity island 2 (SPI2) transcripts and repression of Sl'll genes. Differences in expression were related to efflux pumps (increased expression), porins (decreased expression), type III secretion systems (increased expression), lipopolysaccharide synthesis (decreased expression), motility-related genes (decreased expression), and PhoP/PhoQ and peptidoglycan synthesis (increased expression). It appears that 2a developed altered regulation of gene expression to decrease the influx and increase the efflux of deleterious environmental agents (antibiotics) into and out of the cell, respectively. Mechanism(s) by which this was accomplished or the reason for alterations in gene expression of other genetic systems (curli, flagella, PhoP/PhoQ, and peptidoglycan) are not immediately apparent. Evaluation of transcriptomes within multiple antibiotic-resistant mutants hopefully will enable us to better understand those generalized mechanisms by which bacteria become resistant to multiple antibiotics. Future work in sequencing these genornes and evaluating pathogenicity are suggested.
Introduction
T HE CLINICAL USE of antibiotics to treat infections in humans is well known. The livestock industry also utilizes antibiotics therapeutically to treat infections. Additionally, the livestock industry also utilizes subtherapeutic doses of antibiotics to promote animal growth.
This latter practice is of great economic value and, contrary to popular belief, onl y comparatively low levels of antibiotic resistance may actually be attributed to this practice (van den Bogaard et al., 2001) . However, despite the controversial nature of growth promotion, there is an undeniable need for continued use of antibiotics in the livestock industry as a clinical 206 solution to treat infections. Thus, there is a continuing and growing need to further elucidate the mechanisms that contribute to the development of bacterial resistance to antimicrobials.
As reviewed by Sayah et iii. (2005) , bacteria exposed to the selective pressure of antimicrobials typically develop one of four primary general mechanisms of resistance. These mechanisms are 1) enzymatic inactivation or modification of the antibiotic molecule, 2) alterations in the permeability of the bacteria membranes preventing entry of the antibiotic into the cell, 3) active efflux of the drug which removes the antibiotic from the cell, or 4) genetic alterations of the cellular targets of the antibiotic that reduce the ability of the drug to interfere with their function (Prescott et al., 2000) . Bacteria can adapt to the presence of antibiotics, acquiring the above mechanisms, through various forms of genetic modification. For instance, mobile elements such as plasmids, phage, and even naked DNA can be transferred between bacteriacarrying genes that contribute to or confer antibiotic resistance. These mobile elements can also contain genes that confer resistance to antimicrobials (Rubens et al., 1979; Prescott et nil., 2000) . Bacteria in response to the selective pressure of antibiotics can also develop mutations in genes responsible for antimicrobial agent uptake (Spratt, 1994) .
In a previous study we found that subtherapeutic doses of nalidixic acid (NA) up-regulated genes involved in error-prone repair, suggesting that such a state might lead to mutations resulting in antibiotic resistance. To further test this idea, Salmonella en terica Typhi murium ATCC 14028, which shows no antibiotic resistance to NA, was exposed to increasing amounts of this antibiotic. Ultimately, a range of isogenic mutants were derived from this parent strain that were resistant to this antibiotic. However, interestingly, we also found a number of multiple antibiotic-resistant derivatives. One such isolate that was chosen for further study was resistant to NA and four additional and separate classes of antibiotics. These antibiotics included NA, chloramphenicol, cefoxitin, sulfisoxazole, and tetracycline. One interesting point is that these five antibiotics also have different mechanisms of action, suggesting that either a universal mechanism or several different mechanisms are DOWD El AL. at play in this newly resistant strain. The use of microarray technology has enabled us to examine transcriptional modulations that have occurred during laboratory growth conditions in this mutant. Relevant laboratory studies and quantitative RT-PCR have been utilized to validate and confirm these array results.
Materials and Methods

Mutant strain 2a of Salmonella Typhimurium 14028
Frozen cultures of the parent strain (14028) were activated by overnight growth in 9 mL of tryptic soy broth (TSB; Difco, BD, Franklin Lakes, NJ) and plated out on tryptic soy agar (TSA; Difco, BD). Isolated colonies were then streaked onto plates containing various concentrations of NA (0.2, 1.6, 6.4 tg/mL) and grown for 1-2 days at 37G. Isolates derived from this primary step were then streaked out onto plates containing double the original concentrations of their original NA plates. This stepwise exposure to increasing concentrations of NA was continued until isolates were derived exhibiting resistance to 50 ig/mL of NA. One of these isolates was chosen (2a), characterized, and utilized for the current study.
Antibiotic resistance Sensititre
To evaluate antibiotic sensitivity and resistance of the parent and mutant strains, Sensititre National Antimicrobial Resistance Monitoring System (NARMS) gram-negative panels (Trek Diagnostics, Cleveland, OFT) were used. For each strain, three separate biological replications were performed. Methods and analyses were based upon the manufacturer's instructions.
Microorganism and growth conditions for microarray comparison
The isolates for each of four biological replications, performed on two separate days were inoculated, directly from cryostocks of 14028 or from cryostocks of 2a, into TSB and grown overnight in a rotary (110 rpm) incubator at 35C. For each biological replication, a single isolated colony was derived from the TSB cultures by plating onto TSA plates and incubating overnight at 35 C. Isolated colonies were inoculated and grown overnight in TSB, rotating at 37 C. From the same overnight culture, 100 tiL (-ix 108 colony-forming units [CFU]/mL based upon OD 50)) were used to inoculate 10 mL of prewarmed TSB. After a 5-hour rotating incubation (150 rpm; 37 CC), cells were harvested by adding RNAprotect Bacteria Reagent (Qiagen Inc., Valencia, CA) directly to the growing cultures and processed for RNA extraction and microarray analysis.
Microarray design
Using the transcriptome of Salmonella Typhimurium LT2 (McClelland et al., 2001) , an oligonucleotide microarray, made up of 43-to 45-mers, was designed. A total of 1152 genes were selected based upon their association with virulence, membrane, stress, quorum sensing, antibiotic response, or transcriptional regulation. Specifications of oligos were based upon various design characteristics such as the temperature of melting, 3' location, specificity, lack of repeat nucleotides, and other consideration as previously described (Charbonnier et al., 2005) . Oligos were synthesized and normalized in concentration by Integrated DNA Technologies, Inc. (Coralville, IA). Oligos were resuspended in epoxide slide spotting solution and printed on epoxide coated slides (Corning, Inc., Corning, NY) using a GeneMachine's Ornriigrid Accent microarray printer (Genomic Solutions, Ann Arbor, MI). Each array also contains duplicate elements for each gene. The arrays' minimum information about a microarray experiment (MIAME) information is catalogued in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus under accession GPL4(I)58.
Microarray protocol
A total of four biological replicates of the study were performed. From each biological replicate, a separate microarray analysis was performed; additionally, dye swaps for each biological replicate (eight arrays) were analyzed to obtain genes that were consistently regulated on every array (Supplemental Table 1 ; go to www.liebertpub.com/fpd) . Biological replicates were performed on two separate days. All procedures were performed according to respective manufacturer protocols. Total RNA was extracted using the RNeasy Protect Bacteria Mini Kit (Qiagen, Inc.) and DNA was removed using the RNase-Free DNase Set (Qiagen Inc.). RNA was quantified by spectrophotometry using a nanodrop system (NanoDrop Technologies, Wilmington, DE) and quality confirmed by electrophoresis. RNA (10 g total RNA for each sample) was labeled with either CyDye3-dCTP or CyDye5-dCTP (Amersham Biosciences, Piscataway, N J) using the LabeiStar kit (Qiagen Inc.) and random 12-mers (synthesized by Integrated DNA Technologies). Equal amounts of labeled cDNA (1 .ig nominal) as determined using a nanodrop system were hybridized to the microarrays using Pronto Universal Hybridization Kit and the Short Oligo H ybridization Solution (Corning, Inc.).
Microarray analysis
Microarray hybridizations (eight) were performed by cross-hybridization of treatment and control samples. Along with the hybridizations, technical replications (dye swaps) were also performed. Images were captured using a Genepix 4000B (Molecular Devices Corporation, Union City, CA) laser scanner and images processed using GenePix 6.0 software (Molecular Devices Corporation). Analyses were performed using Acuity 4.0 software (Molecular Devices, Sunnyvale, CA). Slides were normalized using standard settings (ratio-based so that the mean of the ratio of means, of all features, was equal to 1.0). All spots were manually evaluated, and bad, low signal, absent, or unfound features were not included. To obtain the final data provided, it was required that elements on each array and on each dye swap (after mathematical conversion x' = -x) provided agreement and showed statistically significant similarity, based upon a Student t test, at a Beni a min i-Hochherg false discovery rate (FDR) of <5% (Benjamini and Hochberg, 1995) . Genes were included in the final dataset that exhibit at least 1.3-fold regulations.
Quantitative PCR
A total of five differentially transcribed genes were used to validate the microarray results using quantitative RT-PCR (qRT-PCR). QuantiTect SYBR Green RT-PCR kit (Qiagen Inc.) was utilized according to the suggested manufacturer's protocols. The same RNA samples were used for microarray and subsequent quantitative RT-PCR. The reactions were performed on an ABI Prism 7500 Sequence Detection system (PE Applied Biosystems, Waltham, MA) and results were analyzed with built-in functions of the 7500 Sequence Detection Software version 1.3 (FE Applied Biosystems). Using relative quantification procedures normalized with 16S rRNA, the qRT-PCR-predicted fold differences in relation to NA-grown Salmonella were determined for each of the following genes: phoQ (RT-PCR estimated fold difference = -2.2; log ratio-based fold difference microarray = -2.1), cheY (-5.4; -13.6), ;ngtC (4.3; 2.2), ssaE (3.5; 3.7) , pagC (14.3; 24.5) , and ssaN (6.22; 10.6). Comparison of the qRT-PCR results provides a good correlation (correlation = 0.97) with the ratiobased normalized expression results of the microarrays providing validation of microarray results.
Sequencing
Salmonella enterica genes, the gyrA, gyrB, parC, and parE genes (those most commonly identified as carrying mutations that give quinolone resistance), were sequenced. Manufacturer's recommended protocols and reaction conditions were utilized unless otherwise noted. The primers were designed using PrimerSelect (DNAstar Inc., Madison, WI) and synthesized by IDTdna. The primers and amplification regions are detailed in Table 1 . The reported resistance-determining regions of these genes were amplified with PCR using HotStar Master Mix (Qiagen Inc.). A DNA Engine PTC200 (BioRad, Hercules, CA) with the following profile 95 C C for 5 minutes followed by 35 cycles of 95"C for 30 minutes, 55C for 30 minutes, and 72C for 1.0 minutes, and finally extension at 72C for 10 minutes was used to amplify the hypervariable regions of these genes. PCR products were purified using Qiaquick PCR purification kit (Qiagen Inc.) and sequenced in triplicate using BIG-dye 3 technology and standard manufacturer's suggested protocols (Applied Biosystems Inc.) on an ABI-PRISM 3100 (Applied Biosystems Inc.). Both forward and reverse primers were used in separate reactions to sequence each of the PCR products. The resultant sequence data for each gene were separately aligned for each isolate using SeqMan (DNAstar Inc.). The consensus sequences were then compared to the wild-type sequence by alignment within MegAlign (DNAstar Inc.).
Motility assay
Motility assays were conducted on semisolid plates (Wolfe and Berg, 1989) . Cells were grown overnight in Luria Bertani (LB) broth with appropriate antibiotics and harvested by centrifugation, washed once, and resuspended at a 50-fold concentration. Two microliters of this cell suspension was then spotted on a motility plate and the plate was incubated at 30 -C overnight or at 37C for 10 hours. The region of visible colony spread was measured and recorded.
Swim motility assays
One microliter of an overnight culture was spotted in the middle of a swim plate (nutrient broth, 0.5% glucose, 0.25% agar) and allowed to F, forward primer; R, reverse primer; NCBJ, National Center for Biotechnology Information; hp, base pair location on the given sequence accession. Product size refers to the arnplicon size in base pairs (bp). dry for 1 hour at room temperature. All plates were then incubated at 37C for 10 hours. The region of visible colony spread was measured and recorded.
Phage assays
Phage sensitivity was determined by two different methods. In one method, a loop (-50 jiL) of a phage lysate 106 phage/mL) was laid down as a line across an LB agar plate and allowed to air dry. Then a loop of a bacterial culture to be tested 108 CFU/mL) was streaked across the line of phage and the plate was incubated overnight at 37C. If there was a zone of diminished growth where the bacteria crossed the phage, the bacteria was considered to be sensitive to the phage. If there was no inhibition of bacterial growth then that strain was considered resistant to the phage. In the second method, a loop of the phage (-105 plaque-forming units [PFU] ) was streaked out on an LB agar plate and the plate was overlaid with a lawn of the bacterial strain to be tested in soft agar (0.8% LB agar at 45C). The plate was then incubated overnight at 37-C and examined for the presence (sensitive) or absence of plaques (resistance).
Serotyping
The 2a isolate was prepared according to standard practices and submitted to the National Veterinary Services Laboratory (Ames, IA) for serotyping.
Bioinformatics
The differentially regulated genes from the microarray study were mapped to functional classifications schemes such as Protein Information Resource (PIR) keywords, Gene Ontology terms (Ashburner ct al., 2000) , Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (Ogata et al., 1999) , and Clusters of Orthologous Groups (COG) (Tatusov et al., 2003) , though the use of High Throughput Gene Ontology and the Functional Annotation Toolkit (HTGOFAT; http://liru.ars.usda.gov) (Dowd, 2005) and the Database for Annotation, Visualization and Integrated Discovery (DAVID) (Dennis et al., 2003) . To accomplish this, regulated genes (p < 0.05) were mapped to UniProt accession numbers and Gene Index numbers using the built-in functions of HTGOFAT. These UniProt accessions were then entered into the DAVID website (http: // david.abcc.ncifcrf.gov ) to evaluate functional clustering and functional category enrichments with Salmonella Typhimurium as the background genome. Functional annotations for regulated genes can be downloaded from http:// liru.ars.usda.gov/FPD2007supplement.xls.
Statistical analysis
Statistics algorithms built into Acuity 4.0 were utilized for analysis related to microarrays. Built-in algorithms of the ABI Prism 7500 Sequence Detection system software (PE Applied Biosystems) were utilized for all calculations related to qRT-PCR. Built-in algorithms of DA-VID's functional annotation tool were utilized to evaluate clustering and categorization statistics. Correlation analyses were performed using multivariate analyses functions of JMP 6.0 (SAS Institute, Cary, NC).
Results and Discussion
Following exposure of 14028 to increasing concentrations of NA in a stepwise fashion, a mutant 2a was isolated with resistance >32 tg/mL to NA. It was also found that 2a was resistant to four additional classes of antimicrobials (Table 2 ). In 2a, resistance to the five separate classes of antibiotics could only have been acquired through chromosomal mutations. Growing 2a (Killinger Mann, 2005) and 14028 without exposure to any antibiotics in laboratory media, we were able to comparatively evaluate gene expression. Mid-log phase was chosen to represent a growth phase in bacteria where the most genes are expected to be expressed providing arguably a logical comparative data point to evaluate regulatory changes.
Comparison of 14028 gene expression profile to that of 2a revealed comparative differences in expression (FDR < 5%; fold regulation> I1.3) of 338 transcripts (Table 3 and Supplementary  Table 1 ). Table 3 lists the genes with greater than threefold differential regulation. There were 136 induced and 202 repressed transcripts. It is our basic hypothesis that 2a developed resistance to multiple classes of antibiotics by modification of genetic systems that affect constitutive transcription profiles. Initial analysis of the microarray data revealed global changes that can be attributed to the PhoP/PhoQ regulon. Strain 2a showed comparative induction of SPI2 transcripts and repression of SPI1 genes. Flagellaand motility-related genes were shown to be repressed. A number of efflux pump transcripts were comparatively induced including acrABto/C and sanA, a relatively unappreciated and still putative efflux pump. The most highly induced genes were two outer membrane proteins, the phoP-activated gene (pag) operon and virK. The most highly repressed genes were a cell division inhibitor gene (minD), a putative acyl carrier protein (iacP), and a set of genes encoded within SPI5.
The use of functional enrichment analysis provided a good reductive summation of the microarray data indicating genetic systems that had changed in 2a. The differentially regulated genes from the microarray study were separately mapped, based upon induction and repression, to identify enriched functional categories. Functional mapping categories included PIR keywords (Wu etal., 2002) , Gene Ontology terms (Ashburner etal., 2000) , KEGG pathways (Ogata DOWD ET AL.
et al., 1999), and COG (Tatusov et al., 2003) . Repressed genes were functionally grouped (p < 0.05) using DAVID (Dennis et al., 2003) and categories included virulence, lipopolysaccharide (LPS) biosynthesis, protein transport, fimbria, flagella, and porins (Fig. 1) . Functional classification of the induced genes showed enrichment of oxidoreductase activity, iron binding, response to stress, two-component signal transduction, cell shape (peptidoglycan), and virulence (Fig. 2) .
If we consider the most common mechanisms attributed to the development of resistance to each of these antibiotics, we find that there are common themes. Resistance to quinolone has been shown to be induced readily through chromosomal point mutations (Gensberg et al., 1995; Piddock, 1999; Hooper, 2001; Levy et al., 2004; Jacoby, 2005) by a mechanism that has been termed positive adaptive state (Dowd etal., 2007) . It has been generally accepted that mutations leading to quinolone resistance often involve multiple mutations in gijrA and gijrB, the genes that encode DNA gyrase, as well as parC and parE, which encode for the protein topoisomerase IV (Gensberg et al., 1995; Reyna etal., 1995; Baucheron etal., 2004) . Sequencing of each of these four genes, for both the parent and 2a strain, revealed no changes in either the nucleotide or the predicted protein sequences (data not shown). There are a variety of additional mechanisms, besides these common mutations, that contribute to quinolone resistance, including changes in cell membrane permeability, modification of porin composition or activity (Hawkey, 2003) , and increased expression or mutations in efflux pumps, such as AcrAB-ToIC (Okusu et al., 1996; Piddock, 1999) . The multiple antibiotic resistance (mar) operon has also been associated with mutations that enhance resistance to quinolones (Cohen et al., 1988 (Cohen et al., , 1989 . Only resequencing of the genome of 2a would fully reveal the genetic modifications.
In relation to the other antibiotics, notable mechanisms that result in resistance to chloramphenicol typically involve changes in membrane permeability, mutation of the ribosomal subunits, or production of acetyltransferases (Schwarz et al., 2004) . Changes in membrane permeability are common and allow moderate resistance; however, the chloramphenicol acetyltransferase gene actually inactivates chioramphenicol by preventing it from binding to the ribosome. Resistance to 3-lactams were often due to the expression of targeted enzymes known as 3-lactamases Sanders, 1992) , which (similar to chloramphenicol acetyltransferases) inactivate the f3-lactams rendering them ineffective. The ampC gene of Salmonella spp. produces an enzyme that has been shown to act as a f3-lactamase (Bush et al., 1995) .
Cefoxitin is a sulfamide drug in which resistance has been primarily linked to changes in outer membrane porins such as dhps (folP gene) (Pangon et al., 1989) . Resistances to tetracyclines have been extensively evaluated and are primarily associated with increased expression or other enhancement mutations in efflux mechanisms, typically associated with a member of the major facilitator superfamily (MFS). Other mechanisms that have been shown to contribute to tetracycline resistance include ribosomal protection, which has most often been linked with GTPase-like genes, that enhances protein synthesis such as EF-Tu and EF-G. Finally, cytoplasmic proteins have been found that structurally modify tetracycline in reactions that involve oxygen and NADPH (Cohen et al., 1993; 011iver et al., 2005; Piddock, 2006) .
Efflux systems
There have been five families of multidrugresistance efflux pumps characterized, which include the ATP-binding cassette (ABC) superfamily, the major facilitator superfamily (MFS), the multidrug and toxic-compound extrusion (MATE) family, the small multidrug resistance (SMR) family, and the resistance nodulation division (RND) family (Paulsen et al., 1996; Brown et al., 1999) . In a previous study which examined the effects of subtherapeutic antibiotics on gene expression in 14028, members from each of these superfamilies were found to be induced (Dowd et al., 2007) .
A predominant efflux system noted to contribute to quinolone resistance is encoded by the acrAB-toiC apparatus (Ma et al., 1993 (Ma et al., , 1994 Fralick, 1996) , which is a member of the RND superfamily. The To1C protein, along with AcrA and AcrB, all of which showed increased expression in 2a, form a continuous protein pore that expels inhibitors from the cell. The acrAB system has been shown to be expressed normally in laboratory cultures and its hyperexpression has previously been shown to induce actual resistance to NA and many other agents (Ma et al., 1993; Nikaido, 1998) . These efflux systems in gram-negative bacteria tend to have low substrate specificity and have been shown capable of exporting an impressive variety of structurally unrelated antimicrobial agents (Ma et al., 1993; Takiff et al., 1996; Hancock, 1997; Moken et al., 1997; Thanassi et al., 1997; Aono, 1998; Evans et al., 1998; Kieboom et al., 1998; Li et al., 1998; McMurry et al., 1998; Miyamae et al., 1998; Morita et al., 1998; Schweizer, 1998; Shafer et al., 1998; Srikumar et al., 1998; Pearson et al., 1999) . Expression of acrAB-toiC is regulated by the global regulator, MarA, which is a positive regulator (Alekshun and Levy, 1999) and by AcrR (decreased expression in 2a), which is a repressor specific for the acrAB operon (Ma etal., 1996) . Although MarA can act as an activator or repressor depending on the orientation of the mar box and the gene it is regulating, the repression of acrR allows expression of acrAB. This suggests a possible modification in the regulation of the repressor and a constitutive change in the baseline expression of this efflux system. These findings alone may explain enhanced resistance to a wide range of antibiotics.
Other efflux-related genes were also enriched in the microarray data. STM1147 (increased expression) is an Acr-like protein. A putative efflux (PET) family transporter (yccS) transcript was comparatively induced. The PET family are a group of uncharacterized putative efflux proteins (Harley and Saier, 2000) . SanA was induced and has been considered to be involved in the control of resistance to antibiotics in gram-negative bacteria and is hypothesized to be an inducible broad-specificity efflux pump (Rida et al., 1996) . Of great interest in this respect, it has been noted that induction of this gene occurs only in extreme conditions (Rida et al., 1996) . This gives us one of the more interesting observations that could be involved in producing the multidrug-resistant genotype of 2a. We obviously have considerable induction of the acrAB stress-induced efflux system, yet a concurrent induction of a usually quiescent efflux system may provide a considerable advantage to the bacteria in the presence of a wide variety of drugs. Future studies of this mutant may attempt to silence these efflux pumps individually to evaluate their effects on antibiotic sensitivity in this mutant. To our knowledge, this is the first identification of a strain that has constitutively increased expression of both sanA and acrAB.
Porins
The oinpX transcript is highly induced (10-fold induced, p = 0.00) within the microarray data. OmpX belongs to the mar regulon (MairaLitran etal., 2000) . Although the precise function of OmpX has yet to be elucidated, it has been reported that "overexpression" of OmpX causes a decrease in the overall quantities of cellular porins, via a reduction in the level of porin gene transcription (Stoorvogel et al., 1991; Gayet et al., 2003) . These observations were corroborated by the induction of ompX in the microarray data and a dramatic repression of a wide variety of major porins and a variety of poorly characterized porins. The major porn genes in Salmonella spp. include ompF, oinpC, oinpD, phoE, and ompA. Usually ompF is expressed to a greater degree, comparative to ompC, however in 2a, ompF displays over a 50-fold decrease in comparative transcription. As this is the primary porn, its nearly complete repression would dramatically reduce the number of porins on the cell surface, which in turn might decrease the porosity of the outer membrane. The other two major outer membrane porins (ompC and ompA) do not show comparatively differential transcription. Since OmpC produces a smaller channel than OmpF, the reduction in transcription of ompF while leaving ompC and oinpA unregulated, would be useful because it would limit not only the number but more importantly the size of molecules able to pass freely into the cell, decreasing the influx of larger antibiotics (Nikaido, 1998) . This is because the rate of influx may be reduced by favoring a smaller pore size (smaller bore) porin, thereby allowing multidrug efflux to "keep up" with the rate of antimicrobial diffusion. Also related to ompX induction and ompF repression were the wide variety of other porin transcripts that were comparatively repressed including nmpC (oinpD), fepA, fliuA, btuB (trend data, p = 0.055), lamB, and tsx. While not linked to antibiotic resistance (to our knowledge), many of these have been characterized as promoting penetration of antimicrobials (Gao and Klebba, 2002) . Of particular interest in the development of multiple antimicrobial resistances in 2a was the nearly ninefold repression offepA. This may be as significant as the repression of ompF as FepA has been noted as possessing the largest porin channel characterized in the E. coli outer membrane (Liu et al., 1993) . OmpD porin has been described as the most abundant outer membrane protein in Salmonella Typhimurium, representing 1% of the total cell protein and was noted as being much more abundant than either OmpC and OmpF porins (Santiviago et al., 2003) . Thus, the repression of onipD (-50-fold) is also of high significance in relation to changes in the profile of porins.
PhoP/PhoQ
The phoP (1.4 fold; p = 0.03; data not shown) and phoQ transcripts were induced in 2a. Salmonella encounters a variety of environments during the process of infection, and PhoPQ induction has been noted to be necessary for survival of Salmonella spp. within macrophages where the bacterium encounters tremendous oxidative stress. This regulatory system has also been noted to be involved in antimicrobial peptide resistance (Bader et al., 2003; Shi et al., 2004; Navarre et al., 2005) . The expression of a large population of genes has been shown or were implicated to be under the control or influence of PhoPQ , and the lack of phoPQ induction or expression had dramatic effects both on virulence and antimicrobial resistance (Miller et al., 1989; Miller and Mekalanos, 1990; Garcia et al., 1996) . The PhoPQ system apparently coordinated or influenced the expression of either invasive or intracellular virulence factors by monitoring the availability of extracellular signals, which was expected to contribute largely to the ability of S. enterica to transition from an extracellular invasive phenotype to an intracellular phenotype (Monsieurs et al., 2005) . A large population of genes in the data that were noted to be under the control or influence of phoPQ were appropriately induced or repressed in the microarray data. As might be expected, phoPQ has been associated with regulatory control of bacterial envelop genes. Many of the genes regulated under this system have also been directly implicated in both virulence and in resistance to antimicrobials. These regulated genes included induction of PhoP-activated genes (pags) pagCDPOK, virK, ingtBC, and pgtE, and repression of sopBD2 and the PhoP-repressed genes (prgs) prgHlJK.
In relation to these genes, PgtE is a posttranscriptionally regulated component of the PhoP/PhoQ regulon that contributes to Saltnonella spp. resistance against the host's antimicrobial peptide arsenal during infection (Guina et at., 2000) . PgtE of S. enterica has even been shown to have the ability to degrade cationic antimicrobial peptides (Kukkonen and Korhonen, 2004) . The ingtBC transcripts have been described as a Mg2 uptake system and a virulence factor as it is required for survival in macrophages (Moncrief and Maguire, 1998; Blanc-Potard and Lafay, 2003) . MgtBC appear to be a fairly unique pair of proteins among enterobacteria and were strongly associated with those bacteria that are invasive (Blanc-Potard and Lafay, 2003) . VirK was shown to be expressed during the intracellular spreading of Salmonella spp. (Wing etal., 2005) . VirK has been noted to be coregulated with SPI2 and required a phoP transcription factor and was even thought to confer resistance to polymyxin B in Salmonella spp. (Detweiler et al., 2003) . The PhoP-activated genes (pags) noted above are genes that have also been shown to be essential to Salmonella spp. survival and virulence in the presence of antimicrobials.
The comparison of 2a and 14028 provides a very interesting model to evaluate expression of SPIs I and 2. Within the data there were decreases in the expression of nearly the full contingent of genes from the SPI1 genetic island, while there was an equally dramatic induction of nearly the entire SPI2 genetic complement. In the case of SPI1, the phoPQ system was implicated in repression of the invasion phenotype, while it was responsible for induction of the intracellular phenotype (SF12 induction). Inactivation of either SPI1 or SF12 genes has been shown to attenuate virulence (Ochman et at., 1996) , and there has been previous evidence that mutations in either of these type III systems can influence antibiotic resistance (Deiwick et at., 1998) . During pathogenesis, the SF11 system was expressed in the intestinal environment and promoted invasion of the epithelium. During this intestinal phase, the SF12 secretion system was repressed. Upon invasion, the SPI1 system was repressed and the SPI2 system was induced, promoting intracellular proliferation and survival (Ochman et at., 1996; Shea et al., 1996; Hensel et al., 1997 Hensel et al., , 1998 . Interestingly, it was demonstrated that mutations in the ssaT and ssr genes of the SPI2 specifically have been shown to increase sensitivity to gentarnicin, while mutations in ssaV and ssaJ, also encoded in SPI2, have been shown to increase antimicrobial resistance (Chakravortty et at., 2005) .
Also associated with phoPQ was the dramatic repression in expression of genes associated with motility. It is well recognized that increased PhoPQ expression represses flagella synthesis. It appeared there was complete repression of flagella and chemotaxis genes. Thus, we evaluated motility using swim plate methods. We also performed serotyping as a method to test for flagella antigens. Both of these analyses supported the microarray observations that there was a complete extinction of flagellar expression in 2a. While the parent strain migrated 40 mm on the plate, it was found that 2a had no notable motility (2 mm). Further, it was found that the parent strain exhibited a normal Salmonella Typhimurium serotyping profile (4,5,12:i:1,2) while 2a exhibited a 4,5,12:nonmotile profile. Thus, we hypothesize that constitutive induction of phoFQ has likely resulted in constitutive repression of flagella, motility, and chemotaxis. Lipopolysaccharide, cur/i, and peptidoglycan Due to their outer membrane, gram-negative bacteria may be able to resist antibiotics by mechanisms associated with reduced permeability (Braoudaki and Hilton, 2005) . In addition to changes in porin and efflux pump expression, there were a variety of mechanisms that could also contribute to altering the permeability of the cell to antimicrobials including alteration in LPS, peptidoglycan, lipoproteins, and curli. The effects on LPS and lipoprotein gene expressions were most dramatic. A comprehensive panel of genes were regulated that are involved in LPS assembly and length modification; rfaGHZ rJbI and wecD were induced, while most, including rfaBLPQ, rflABCDFGHJMNPUX, nqrF, wzxE, and oafA, were repressed. More than 50 genes have been shown to be required to synthesize LPS and assemble it at the cell surface. It has been shown that modifications in lipoproteins and the length of LPS can decrease the permeability of the outer membrane, improving resistance to antibiotics (Giraud et al., 2000; Murray et al., 2005) . Of the lipoproteins on the array, almost all were regulated (yceB, spr, nlpl, STM1561, y/idV, yfiO, ycfM, and yjbF were repressed, while STM1934, h/c, yiaD, slyB, bIB, yhfL, rlpA, lppB, yajL, ydhA, STM4253, yaeC, and ycfJ were induced). These data suggest there are changes in the permeability of the outer membrane in 2a.
To determine if there were indeed changes in the LPS of our mutant we examined the sensitivity of our mutant to several LPS-specific bacteriophage including the Felix 0-1 phage (Felix and Callow, 1951) , phage P22 (Zinder and Lederherg, 1952) , and U3 phage (Hancock and Reeves, 1976) . Each of these phages utilize different components of the LPS as a receptor for infection (Rapin et al., 1968) and each can form plaques on the parental Salmonella spp. strain. We found that mutant 2a was resistant to all three of these phages, suggesting that its LPS has been significantly modified and a more rough phenotype has likely been produced. Another possible explanation would be for mutant 2a to produce wzz (fepE)-regulated very long 0 antigen chains which might prevent these phages from reaching their receptors. This would also alter their sensitivity to antibiotics (Murray et al., 2005) .
Strain 2a exhibited increased expression of peptidoglycan-associated genes compared to the wild-type strain. Transcripts of murEGD, nip!, mrdA, ftsL STM191 0, nlpC pbpG, and mepA were induced, while pbpC was repressed. The pbpC encodes a homolog of Pseudoinonas aeruginosa penicillin-binding protein 3. This gene has not been known to cause any changes in growth and has not been associated with antibiotic resistance. The transcripts pbpG and mpl were both induced and were also two of three genes from the literature that have been associated with enhanced peptidoglycan synthesis (Gomez and Neyfakh, 2006) . 3-lactam antibiotics target enzymes that synthesize peptidoglycan (penicillin-binding proteins), hence an increase in such targets would diminish their effect on peptidoglycan biosynthesis. Indeed, their enhanced expression has also been shown to confer resistance to 3-lactam antibiotics (Gomez and Neyfakh, 2006) . The msrA transcript encodes a methionine sulfoxide reductase that has been associated with conferring erythromycin resistance (Tenover et al., 2006) and protection of proteins from oxidative stress (Moskovitz, 2005) . MsrA has also been shown to be highly induced during exposure to cell walltargeting antimicrobials such as vancomycin. The msrA gene product has been considered to be a cell wall stress stimulon induced during exposure to inhibitors of cell wall synthesis (Pechous et al., 2004) , thus providing some indication that its expression would be beneficial during exposure to 13-lactams. The regulation of this gene is unknown but is expected to be dependent on a signal transduction pathway (Pechous et al., 2004) . Finally, inurE mutants became sensitive to a variety of antibiotics (Ludovice et al., 1998) and increased expression of murE. Along with penicillin-binding protein, marE has been shown to increase resistance to f3-lactams in proportion to its expression levels (Gardete et al., 2004) . Thus, there was a likely modification in peptidogycan synthesis that contributed to resistance to 3-lactams. 
Conclusion
The ability of exposure to NA to induce mutations that result in acquired resistance to five separate categories of antibiotic is of obvious importance. The induction of a positive adaptive state (Dowd et al., 2007) by exposure to NA allows for the accumulation of mutations that facilitate enhanced growth and survival under selective pressures. In this case, the selective pressure is the antibiotic itself and the development of antibiotic resistance is due to the accumulated mutations. It was also of interest to characterize the types of mutations that have accumulated, so the use of expression profiles provides an obvious way to elucidate those genes whose expression have been modified resulting in antibiotic resistance. Future efforts will be directed at sequencing the genome of 2a as well as two of its stepwise derivatives. This will give a complete picture of the stepwise genetic changes that have occurred particularly in genes involved in transcription regulation.
We have found an arsenal of expression modifications that individually could enhance or contribute to antibiotic resistance. The primary changes involve the increased expression of efflux pumps and the decrease in expression of large bore porins accompanied by a decreased permeability to kanamycin. We also noted that the phoPQ regulon was affected with an apparent constitutive increase in expression of this two component regulatory system. Finally, we noted repression in LPS expression and motility and a concurrent increase in peptidoglycan and curli synthesis. The phenotypes of the bacteria identified here suggest that the genetic response reported in vitro may be of biological relevance in clinical S. enterica isolates. Obviously, several of these elements are essential to the mechanism that allows S. enterica to show high levels of resistance to various classes of antibiotics. The strategies employed by this mutant may be a major contributing factors in the emergence of the multid rug-resistance phenotype in response to antibiotic use in clinical and veterinary practice (Gayet et al., 2003) .
